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Antifungal lipodepsipeptideSyringomycin E (SRE) is a member of a family of lipodepsipeptides that characterize the secondary
metabolism of the plant-associated bacteria Pseudomonas syringae pv. syringae. It displays phytotoxic,
antifungal and haemolytic activities, due to the membrane interaction and ion channel formation. To gain an
insight into the conformation of SRE in the membrane environment, we studied the conformation of SRE
bound to SDSmicelle, a suitable model for the membrane-bound SRE. In fact, highly similar circular dichroism
(CD) spectra were obtained for SRE bound to sodium dodecylsulphate (SDS) and to a phospholipid bilayer,
indicating the conformational equivalence of SRE in these two media, at difference with the CD spectrum of
SRE in water solution. The structure of SDS-bound SRE was determined by NMR spectroscopy combined with
molecular dynamics calculations in octane environment. The results of this study highlight the inﬂuence of
the interaction with lipids in determining the three-dimensional structure of SRE and provide the basis for
further investigations on structural determinants of syringomycin E-membrane interaction.e; MD, Molecular Dynamics;
OSY, Correlation Spectroscopy;
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Syringomycin E is the most studied member of a family of
lipodepsipeptide compounds that characterize the secondary metab-
olism of the plant-associated bacterial species Pseudomonas syringae
pv. syringae. It is a nine amino acids containing lactone ring, with the
N-terminal residue N-acylated by a 3-hydroxyacyl moiety with 10, 12
or 14 carbon atoms in the three homologous forms, called SRA1, SRE
and SRG, respectively [1–3]. The lipopeptide is cyclised through an
ester linkage between the side chain hydroxyl of Ser1 and the
backbone carboxyl group of the C-terminal residue, 4-chlorothreonine
(Fig. 1). These structural features are shared by other lipodepsinona-
peptides (LDNPs) produced by various strains of P. s. pv. syringae:
syringotoxin (ST) [4], syringostatins [2] and pseudomycin [5] wherethe N-terminal residue, Ser, and the C-terminal tripeptide, 2,3-
dehydro-2-aminobutyroyl-3-hydroxyaspartyl-4-chlorothreonine,
zDhb-Asp(3-OH)-Thr(4-Cl), are conserved.
Syringomycin E was shown to play a role in plant–microbe inter-
actions by enhancing the bacterial virulence [6] and it also displays a
phytotoxic activity in vitro [7]. In addition, it exhibits a prominent
fungicidal activity [7], which is strongly dependent on the presence
of chlorine in the C-terminal residue [8]. This property is exploited
for the biocontrol of molds belonging to Penicillium sp. that are
responsible for the decay of fruit during the post-harvest period [9].
Moreover, the activity of LDNPs against human pathogens, such as the
opportunistic organism Candida albicans, as well as against Aspergillus
fumigatus, Aspergillus niger, Cryptococcus neoformans, Fusarium mon-
iliforme and Fusarium oxysporum, causal agents of life threatening
infections, stimulated the interest for possible medical applications of
these compounds [10,11]. In fact, new antifungal drugs are needed
because of the diffusion of fungal infections and resistance to the
presently used compounds. However, due to adverse secondary
effects, primarily the haemolytic activity [7], the attempts of in vivo
applications of SRE [12] were not followed by the development of a
new antifungal agent. The lack of speciﬁcity is a problem typically
encountered with compounds whose biocidal activity towards
different biological targets is based on the same mechanism of action.
CO-CH2-CH(OH)-(CH2)n-CH3
|
LSer1–DSer2–DDab3–LDab4–LArg5–LPhe6–zDhb7–LAsp(3-OH)8–LThr(4-Cl)9
|                                                                                              |
O CO
Fig. 1. Structure of syringomycin. n=6 (SRA1); n=8 (SRE); n=10 (SRG); Dab, 2,4 diaminobutyric acid; Dhb, 2,3-dehydro-2-aminobutyric acid; Asp(3-OH), 3-hydroxyaspartic acid,
Thr(4-Cl), 4-chlorothreonine.
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the plasma membrane and the toxicity is due to the formation of
pores acting as non selective ion channels; the resulting membrane
depolarization and non controlled ion ﬂux lead to cell death [13,14].
SRE causes necrosis in tobacco leaves, lyses tobacco protoplasts,
promotes electrolyte leakage in carrot tissues [7], erythrocyte lysis
[7,15,16] and damage to plant mitochondria [17]. Detailed investiga-
tions on the interaction of SRE with natural and artiﬁcial membranes
provided an insight into the structure and functions of the SRE-
induced pores and on the relevance of the membrane components for
their formation. For example, the relevance of sterols and sphingo-
lipids was shown both by genetic [18–24] and biophysical experi-
ments [15,25,26]. Saccharomyces cerevisiae mutant strains selectively
impaired in genes involved in different stages of the biosynthesis of
ergosterol and sphingomyelin are not susceptible to the action of
syringomycin E. In particular, experiments on artiﬁcial lipid bilayers
evidenced that sterols increase the SRE-induced pore formation and
showed the correlation between the sphingolipid C-4-hydroxylation
and susceptibility to SRE action, pointing to the role of hydrogen
bonding between SRE and C-4(OH) in the sphingolipid molecules in
the number of SRE channels being formed [26]. Although the exact
architecture of SRE channels is not known, some information on their
structure is available. The Hill coefﬁcient 2–3 in haemolysis studies
[16] indicates the oligomerization of SRE molecules and, since the
membrane conductance measurements at ﬁxed voltage increases
with the sixth power of SRE concentration, it is estimated that at least
six toxin molecules are required for the channel formation [27]. The
peculiar characteristic of SRE channels is the involvement and the
active role of the lipidmolecules in the architecture of the pore [28]. In
fact, by changing lipid species it is possible to change the absolute
value and the sign of the gating charge [29]. Furthermore, the
membrane dipole potential was shown to have a powerful impact on
the minimum SRE concentration required for the single channel
formation. Polymer partitioning studies showed the asymmetry of the
SRE channel, which could be envisaged as a peptide-lipid pore having
a conical shape with the wider trans-opening formed from host lipid
molecules [29,30]. Electron paramagnetic resonance (EPR) studies
also showed the role of the lipid molecules in the architecture of the
pores created by syringomycin E [31].
Given the importance of the interaction of SRE with membrane
lipids for the pore formation, we undertook a study of SRE bound to
sodium dodecylsulphate (SDS) micelles using NMR spectroscopy and
molecular dynamics (MD) simulations, with the objective to gain an
insight into the three-dimensional structure of this lipodepsipeptide
in a membrane-mimicking environment. Previously a structural
investigation of SRE based on NMR spectroscopy has been reported
[32]. The authors determined the structure in water solution by NMR
and that structure was then translated into an octane medium by
computer molecular dynamics simulations. However, that study was
based on an incorrect structure of syringomycin E, namely in the
stereochemical assignment of two residues, L-Dab3 and D-Dab4
instead of D-Dab3 and L-Dab4 [3]. Moreover the MD simulation
was performed at a very high octane concentration (~2 g/cm3). In
the present work the correct chiral sequence of SRE, and a lower
octane concentration was used. We carried out a preliminary circular
dichroism (CD) study of the conformation of SRE in water, phos-pholipid bilayer and SDS micelle and showed that the transition from
water to lipid medium is accompanied by a change in the three-
dimensional structure of syringomycin E, while the substantial
conformational equivalence of the lipodepsipeptide in phospholipid
bilayer and in SDS micelle is observed. Thus, perdeuterated SDS
micelle was considered a suitable model system for NMR studies of
the SRE conformation in phospholipid membranes. Detergent mi-
celles are widely used in structural studies of membrane-binding
peptides by solution NMRmethods, as exempliﬁed by the study of the
amphibian skin temporin SH [33] and several other peptides [34–36].
In this study 1H NMR spectra of SRE in SDS micelle have
been recorded, the resonances assigned and the NOEs collected. MD
simulations have been performed in octane. A subset of NOEs was
used and the three-dimensional structure of SRE in the membrane-
mimetic environment was obtained.
2. Materials and methods
2.1. Microbiological methods
Spontaneous rifampicin resistant strain B301DR of P. syringae pv.
syringae was stored on slates containing ANG medium (agar, 10 g/l;
nutrient Broth (Difco) 6 g/l; glycerin 20 g/l, rifampicin 50 μg/ml). The
growth in the liquid culture was carried out on the IMM medium
(mannitol, 10 g/l; L-histidine hydrochloride, 4 g/l; MgSO4×7H2O,
0.2 g/l; FeSO4×7H2O, 0.02 g/l; CaCl2×2H2O, 0.1 g/l; NaH2PO4×H2O,
0.8 g/l; K2HPO4×0.8 g/l) at 25 °C. After subculturing in Erlenmeyer
ﬂasks containing 100 ml of culture for 40 h with shaking (150 rpm),
3 ml were used to inoculate 150 ml-containing Roux bottles which
were then grown for 9 days with manual shaking once a day [37].
2.2. Preparation of SRE
The culture broths were centrifuged (3500 rpm), the supernatants
acidiﬁed to pH 2.5 by addition of HCl 2 M and, after the addition of 60%
of acetone, shaken overnight at 5 °C and centrifuged at 3500 rpm.
Following the evaporation of acetone under reduced pressure, the
solution was applied to an Amberlite XAD-2 column. After washing
with acidiﬁed water (pH 2.5) the mixture of metabolites was eluted
with methanol/water 9:1 (pH 2.5). The methanol was evaporated
under reduced pressure and the remaining solution lyophilized. The
residue was dissolved in water and fractionated by RP-HPLC on a Gold
126 Beckman System Instrument on a semipreparative column C-8
Brownlee Aquapore RP-300, 7–250 mm (Alfatech). The gradient
elution was performed using two solvents: Solvent A (water/TFA
0.2% and solvent B (acetonitrile/isopropanol 4:1 (v/v) with 0.1% of
TFA) at the ﬂow rate of 2.4 ml/min. The gradient started with 30% B
and after 1 min of isocratic elution reached 55% B in 12 min. Isocratic
elution of 3 minwas followed by an increase to 98% of B in 10 min. The
eluate was monitored spectrophotometrically at 220 nm. To obtain
SRE samples with the degree of purity suitable for NMR spectral
measurements, the peaks containing SRE were collected, lyophilized
and puriﬁed again on an analytical column LC8 Brownlee Aquapore
RP-300 (4.6–250 mm) using the same gradient at the ﬂow rate 1.2 ml/
min. SRE was quantiﬁed by measuring the absorbance at 220 nm,
using a calibration curve which was constructed with SRE samples
Fig. 2. CD spectra of SRE in different media a) SRE (5 μM) in H2O b) SRE (5 μM) in
phospholipid liposome (phosphatidylcholine (PC) 90%+phosphatidic acid (AP) 10%)
c) SRE (5 μM) mM SDS micelle 330 mM.
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4151 Alpha Plus instrument after total hydrolysis of SRE (110 °C,
under N2, for 24 h) [37].
2.3. Circular dichroism (CD) spectroscopy
CD spectra were measured with a Jasco 600 CD spectropolarimeter
calibratedwith camphorsulfonic acid. Spectra were recorded between
200 and 250 nm using a path length of 0.1 cm, a time constant of 1.0 s,
a 2 nm bandwidth, and a scan rate of 2 nm/min. A total of 4 scans
were used for each experiment. The average was corrected by 4
scans of the solvent alone. A 0.1 cm sealed and thermostatically
controlled quarz cell was used for all CD spectra. Mean residue
ellipticity (θMRW in deg cm2dmol−1) is reported. The samples for
circular dichroism experiments were at a concentration of 5 μM
of SRE, in water, in phospholipid liposomes (phosphatidylcholine (PC)
90%+phosphatidic acid (AP) 10%) prepared using reverse phase
evaporation and extrusion through polycarbonate membrane [38]
and in the presence of SDS micelles at a concentration of 330 mM of
SDS.
2.4. NMR spectroscopy
NMR experiments were performed using 400 MHz and 700 MHz
Bruker Avance spectrometer. The sample were typically millimolar in
96% H2O/10% 2H2O (pH 3.00) at 298 K in 80 mM perdeuterated SDS
micelles, a concentration similar to that used in previous studies
[32,39]. Spectra were processed on Silicon Graphics workstations by
NMRPipe software and analysed using NMRView. All the proton
resonances were assigned by 2D spectra: TOCSY experiments were
used to identify the spin systems, 1H–15N HSQC, 1H–13C HMQC and
1H–13C HSQC-TOCSY to assist with cross-peaks assignment, NOESY
was performed at different mixing times (ranging from 60 to 150 ms)
according to necessity of the sequential assignment. All the hetero-
nuclear correlation experiments were carried out at natural abun-
dance. Acquisition of a phase-sensitive COSY helped the measure
of backbone 3JHNCαH and 3JHCβCαH for the check of stereospeciﬁc
assignments. The structural restraints to determine the solution
structure have been obtained from the internuclear distances
evaluated by the NOESY cross-peaks volumes measured from spectra
and converted and grouped into distance bounds. The ﬁnal NMR
distance restraint set and the measured coupling constants allowed
to run the simulation.
2.5. Molecular dynamics simulations
The initial structure of SRE was created using Pymol version 0.99
(DeLano Scientiﬁc) on the basis of the experimental chemical
structure and stereochemistry [2,3]. Geometry optimization of that
structurewas done by using the empirical potential energy function of
the GROMOS96 force ﬁeld [40] that contains terms representing
covalent bond stretching, bond angle bending, harmonic dihedral
angle bending, sinusoidal dihedral torsion, van der Waals and
electrostatic interactions. As SRE contains some residues that were
undeﬁned in the GROMOS96 force ﬁeld, the corresponding parame-
ters of the potential energy function were taken from similar
functional groups.
To obtain the structure in an apolar solvent and in analogy with
previously reported simulations [32], the molecule was solvated in a
periodic cubic box of dimensions 3.41×3.41×3.41 nm with 147
molecules of octane in order to reproduce the density of liquid octane
at 20 °C (702.52 g/l). The system was then equilibrated and a ﬁrst MD
simulation at a temperature of 300 K was performed for 500 ps. All
MD simulations, in the NVT ensemble, with ﬁxed bond lengths [41]
and a time step of 2 fs, were performed with the GROMACS software
package [42]. A non bond pairlist cutoff of 9 Å was used and the longrange electrostatic interactions were treated with the particle mesh
Ewald method [43]. The isokinetic temperature coupling [44] was
used to keep the temperature at the desired value. Six snapshots of the
system were extracted from the trajectory of the ﬁrst simulation at
regular time intervals of 100 ps. Each conﬁguration was simulated at
600 K with the gradual addition of the interproton distance restraints
estimated from two-dimensional NOESY spectra obtained in SDS
micelles. Only ﬁve of the experimentally detected NOEs were applied
during the simulation as distance restraints. All NOEs were classiﬁed
into three groups as strong, medium or weak and given upper limits
rij=0.32, 0.40 and 0.50 nm, respectively [44], according to previous
calculations on other lipodepsipeptides [45–50]. As the united-atom
representation was used, in which protons attached to aliphatic
groups were treated implicitly, an additional distance term of 0.05 nm
was added to the upper distance bounds when the distance restraint
involved an implicit proton. An attractive half-harmonic restraining
potential was applied to force the molecule to satisfy selected NOE
distances. The gradual addition of the NOEs restraints was achieved
by performing a series of 200 ps length MD simulations at 600 K of
each conﬁguration with the following values of the half-harmonic
force constant k: 0.05k0, 0.3k0, 0.5k0, 0.8k0, k0, with k°=
1000 kJ mol−1 nm−2. The temperature was then lowered again to
300 K and a 200 ps length runwas performedwith force constant k for
the distance restraints. The distance restraints were then set to zero
and the productive MD run with no distance restraint was performed
for 15 ns at 300 K for each of the six conﬁgurations. In order to check
the agreement between the simulated structure and the NMR data,
the 3JHN–CαH coupling constants were calculated from the MD
simulation performed without any restraint. The 3JHN–CαH coupling
constants were obtained from the simulation, by the Altona
equation [51]: 3JHN–CαH=6.4cos2θ−1.4cosθ+1.9, where θ is the
dihedral angle HN-CαH.3. Results
3.1. Circular dichroism
The CD spectra reported in Fig. 2 show very different CD proﬁles
for SRE in water solution (trace a) and in the phospholipid bilayer
(trace b) clearly indicating that a conformational rearrangement
occurs due to the binding of SRE to phospholipids. Since different
concentrations of SRE gave very similar spectra (data not shown)
Table 2
3JHN-Hα coupling constants as measured by NMR spectroscopy and calculated from the
simulated trajectories for SRE. The errors on the calculated constants correspond to the
standard deviation obtained by the 3JHN-Hα distribution.
Residue 3JHN-Hα (Hz)
NMR MD
L-Ser1 8.4 3.2±0.9
D-Ser2 6.4 5.5±1.4
D-Dab3 7.9 9.4±0.4
L-Dab4 8.1 6.7±0.2
L-Arg5 5.3 5.4±1.4
L-Phe6 nd nd
z-Dhb7
L-Asp(3-OH)8 8.8 8.7±1.4
L-Thr(4-Cl)9 8.0 4.7±1.3
Table 3
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aggregation effect. Moreover the CD spectrum of SRE in SDS micelle
(trace c) was nearly superimposable to that obtained in the phos-
pholipid bilayer (trace b) indicating that SRE has the same confoma-
tion in both media. As in previous investigations on lipodepsipeptide
conformations [52] we renounced to determine the relative amount
of secondary/tertiary structure of the peptide backbone in the lac-
tone ring. In fact, the presence of two D chiralities which substantially
affects the shape of the CD spectra makes very difﬁcult the
deconvolution analysis based on the spectra of known secondary
structure elements.
We considered the similarity of the CD spectra in these two media
a prerequisite for our study. In fact, the high stability of micelles
formed by SDS is an advantage for the execution of the rather long
NMR experiments like TOCSY and NOESY. In addition, we showed
that no change of conformation occurred upon increasing the SRE
concentration in SDS micelles up to the concentration used in NMR
experiments, which is 12 times higher than that reported in studies
of the pore forming activity of SRE in phospholipid liposomes [14].
3.2. NMR spectroscopy
To check the assignments of the resonances, NMR correlation
spectra of SRE in perdeuterated SDS micelles were obtained by TOCSY
experiments. Only slight changes of chemical shifts, due to the solvent
effect, were observed as compared to the values found in water
solution [2,32]. The complete chemical shifts assignments in SDS
micelle are reported in Table 1. However, in this medium meaningful
differences in the values of NH-CαH proton–proton coupling
constants (JNH–CαH) were found as compared to those observed in
water obtained by us (data not shown) and others [32].These results
are reported in Table 2. Moreover, NOESY experiments performed at
different mixing times allowed to obtain the dipolar connectivity
correlated with the structural information of SRE bound to SDS. The
collection of NOEs and the measurement of their intensities were
necessary to obtain a list of the interproton distances (see Table 3). As
an example of the quality of experimental data the low ﬁeld region of
the NOESY spectrum at 120 ms of mixing time is reported in Fig. 3
together with individual assignments. The differences in the inter-
proton distances observed in the two media are clearly due to the
change of conformation in accordance with the CD measurements
(Fig. 2). Tables 3 and 4 report the list of the NOEs found and used for
the MD simulation, respectively (see below, Section 3.3) and the
experimentally obtained values of JNH–CHα are shown in Table 2. It is
important to note that very fewNOEs have been found among protons
of the side chains and between the side chain protons and the
backbone protons. Because the experiments have been repeatedly
carried out also at higher ﬁeld (700 MHz) and using longer mixing
times, the presence of very few NOEs can be considered indicative ofTable 1
Chemical shift of the resonances of the NMR spectrum of SRE in SDS micelles obtained
as reported in Materials and methods.
Residue NH Hα Hβ Hγ Hδ NHδ NH2
Fatty acid
(R)
– 4.11
(OH)
2.62/2.55
(CO)
1.3–1.6 (CH2) 0.93 (CH3) – –
L-Ser1 8.27 4.87 4.70 – – – –
D-Ser2 8.42 4.41 4.01 – – – –
D-Dab3 8.32 4.51 2.37/2.28 3.24 – – 7.62
L-Dab4 8.25 4.51 2.39/2.24 3.19 – – 7.62
L-Arg5 8.04 4.40 1.76 1.59 3.22 7.17 –
L-Phe6 8.07 4.90 3.28 – 7.40 – –
z-Dhb7 9.31 – 6.70 1.62 – – –
L-Asp
(3-OH)8
8.07 5.20 4.97 – – – –
L-Thr
(4-Cl)9
8.31 5.07 4.51 3.70 – – –an internal mobility which does not allow a selective magnetization
transfer to occur in the structure. The internal ﬂexibility and the
internal motions of the side chains spread out the nuclear magneti-
zation, eventually resulting in the cancellation of NOEs.
3.3. Molecular dynamics simulations
The MD simulations after a ﬁrst equilibration step were run in the
presence of selected NOE restraints (see Table 4) and a stepwise
procedure of simulated annealing, as reported in Materials and
methods, Section 2.5. The NOEs chosen were those not involving
atoms which belong to the same residue; in fact intraresidue NOEs do
not provide information on the backbone or side chain conformation.
The distance restraints were then removed and a productive run of
15 ns was performed. It produced two three-dimensional structures
of SREwhich differ in the conformation of the acyl chain, but not of the
peptide moiety, shown in Figs. 4(A and B). The conformation of the
lactone macrocycle shows internuclear distances in agreement with
all the experimental NOEs. These structures retain the NOE distances
also in the absence of the restraining potential, and are consistent
with the NOE distances obtained by NMR and measured on the model
but not included as restraints.
The analysis of the trajectories reveals that the conformation of
SRE macrocycle in the membrane-like environment (Figs. 4A,B) is
stabilized by three hydrogen bonds: the ﬁrst one, involving residues
NH-Dab3 and CO-zDhb7, induces the bending of the chain, while the
other two, formed between NH-Arg5 and CO-Dab3 and between NH-
Ser1 and CO-Thr(4-Cl)9, deﬁne the structure of the loop. Fig. 5 (panels
1–3) show the trajectories of the nitrogen–oxygen distances, involvedList of interproton NOEs experimentally found in the SRE in perdeuterated SDSmicelles.
Residue NOE connectivities a,b
L-Ser1 HN 1. Hα (M), 1.Hα (S), 10.Hβ1 (M), 10.Hβ2 (W)
D-Ser2 HN 1. HN (W), 1. Hα (M), 2. Hα (S), 2.Hβ# (M)
D-Dab3 HN 2. HN (M), 2. Hα (S), 2.Hβ# (W), 3. Hα (S),
3.Hβ# (M), 3.Hγ# (W)
D-Dab3δNH2 3. Hβ# (W)
L-Dab4 HN 4. Hα (S), 4.Hβ# (M), 4.Hγ# (M), 5.Hβ# (W)
L-Dab4δNH2 4. HN (W), 4.Hβ# (W), 4.Hγ# (M)
L-Arg5 HN 4. HN (M), 4. Hα (M), 4.Hβ# (W), 4.Hγ# (W),
5. Hα (M), 5.Hβ# (M)
L-Phe6 HN 4. HN (M), 5. Hα (M), 5. Hβ (M), 6. Hα (M), 6.Hβ# (M),
6.Hδ# (W), 7.Hβ# (W)
L-Phe6 Hδ# 6. Hα (M), 6.Hβ# (M), 7.Hγ# (W)
zDhb7 HN 7. Hγ# (W)
L-Asp(3-OH)8 HN 8. Hα (M), 8.Hβ# (W)
L-Thr-(4-Cl)9 HN 8. HN (M), 8. Hα (M), 8.Hβ# (M)
a S: strong, M: medium, W: weak.
b symbol # indicates equivalent protons.
Fig. 3. Low ﬁeld region of the NMR NOESY spectrum obtained as reported in Materials
and methods, Section 2.4 at 700 MHz with a mixing time of 120 ms. The assignments
are reported. Fig. 4. Representative snapshots of the structures of SRE in octane: A) extended
conformation; B) bent conformation. Dots represent hydrogen bonds. The inset shows
the backbone conformation that resembles the seam of a tennis ball.
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whole simulation, thus conﬁrming the stability of the structure. The
bending of the chain, induced by the hydrogen bond between the
Dab3 and zDhb7, involves ﬁve residues (Figs. 4A,B). It is worth noting
that this bending is coherent with the strong NOE signal experimen-
tally observed between the NH-Dab3 and CαH-Asp(3-OH)8 groups
that is reproduced during the entire simulation and monitored
through the distance between the Dab3-NH hydrogen atom and the
HCα atom of Asp(3-OH)8, as shown in Fig. 5 (bottom panel). During
MD simulations additional H-bonds are detected, involving the
residue side chains; in particular OH-Ser2 group behaves as donor
with CO-Phe6 (91% of the simulation time) and/or acceptor with
Arg5 side chain (95%). In addition Dab3 side chain forms rather stable
H-bonds with 3-hydroxyl group of the acyl chain (79%) and with CO-
Asp(3-OH)8 group (49%). These interactions are shown in Fig. 6. The
H-bonds are considered formed when the distance between donor
and acceptor is less than 0.35 nm and the acceptor-donor-hydrogen
angle is less than 30°.
It can be observed that the conformation of the backbone resembles
the seam of a tennis ball, a pattern found for the ﬁrst time in the
bioactive lipodepsipeptide WLIP, produced Pseudomonas reactans
[53] and subsequently in several lipodepsipeptide molecules in a
membrane-like environment (TFE from 20 to 40% v/v) determined by
NMR data and MD simulations like syringotoxin [45], syringopeptin
25-A [46], pseudomycin [47], fuscopeptin [48] and cormycin [49]. In
particular, the structure of SRE is characterized by the presence of four
consecutive turns, involving residues Ser2, Dab4, Phe6 and the lactone
bond region, respectively. In Table 5 the mean values of the dihedral
angles φ and Ψ with their standard deviations are reported. The
sequences Ser1-Ser2-Dab3 and Dab3-Dab4-Arg5 form two γ-turnsTable 4
Distance restraints (rij) applied between each atom pair during the equilibration
procedure with the corresponding intensity of the NOE signal.
Atom pair Intensity rij (nm)
NH-Ser2-CH2 (acyl tail) Weak 0.55
NH-Dab3-CαH-Asp(3-OH)8 Strong 0.37
CαH-Dab3-NH Asp(3-OH)8 Weak 0.55
NH-Dab4-NH3+-Dab4 Weak 0.5
NH-Arg5-NH3+-Dab4 Weak 0.5although φ/Ψ torsion angles slightly deviate from the usual values,
being φ2 andΨ2 70° and−100° (with standard deviations of 12° and
11°) and φ4 andΨ4 65° and−51° (with standard deviations of 8° and
14°). The third turn, corresponding to the sequence Arg5-Phe6-zDhb7,
cannot be classiﬁed since it is characterized by unusual torsion angles
φ6 and Ψ6 values of 58° and 105°, respectively; this effect might be
ascribed to the proximity of the unsaturated residue zDhb7. Finally, the
last turn involves the region connecting residues Ser1 and Thr(4-Cl)9.
The length of the tail is about 15 Å and the distance between N(Phe6)
andCβ(Ser1), roughly representing the length of the ring, is about 10 Å.
In Table 2 are reported the mean values of the 3JHN-CαH coupling
constants obtained by Altona equation [51] from the dihedral angles as
indicated in Materials and methods, Section 2.5 together with their
standard deviations, σ, and compared with the experimental values
in the NMR spectra. Calculated and experimental values are inFig. 5. Time evolution of the distance between the nitrogen and the oxygen atoms
involved in the three backbone-backbone hydrogen bonds (ﬁrst three panels) and of
the distance between the hydrogen and the α-carbon atom involved in the strong NOE
signal (last panel).
Fig. 6. Hydrogen bond interactions involving the residue side chains in SRE.
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This suggests that only the Ser1-Thr(4-Cl)9 conformation is not
completely sampled by the simulation and thus not well reproduced.
It is worth noting that this discrepancy between the NMR data and
molecular dynamics regards the molecular region around the residue
Thr(4-Cl)9 involved in the lactone linkage with the N-terminal Ser1
which is, in turn,N-acylated by the fatty acid residue. Themotionof the
fatty acid chain and its deep insertion into the micellar environment
may inﬂuence the conformation of this moiety.
Previous studies [32] reported that SRE adopts in octane two
dominant conformations referred to as “open” in which the acyl chain
is elongated and “closed” in which the acyl chain is bent toward the
peptide backbone. According to the authors, two rather different
hydrogen bond patterns and peptide ring arrangements correspond
to these two structures. In particular, they observed in the “open”
conformation Asp(3-OH)8 H-bonds with Dab3 and Arg5 and with
the hydroxyl group of acyl chain. On the contrary, in the “closed”
conformation Asp(3-OH)8 forms H-bonds only with Dab4 and Arg5.
Asp(3-OH)8 is also involved in two salt bridges in each conformation:
with Dab3 and Dab4 in the “closed” conformer or with Dab3 and Arg5
in the “open” conformer. In the same study, a distorted type II β-turn
was observed involving the Phe6-Dhb7 dipeptide as central residues
in both the “closed” and the “open” conformation. However, the φ and
Ψ angle values at Dhb7 resulted to be different from the ideal valuesTable 5
Averaged φ/Ψ dihedral angles. The errors correspond to the standard deviation
obtained by the dihedral angle distribution.
Residue Averaged dihedral angles (degrees)
φ Ψ
L-Ser1 −49±12 133±15
D-Ser2 70±12 −100±11
D-Dab3 121±11 73±9
L-Dab4 65±8 −51±14
L-Arg5 −70±12 87±15
L-Phe6 58±11 105±17
z-Dhb7
L-Asp(3-OH)8 −103±17 −33±11
L-Thr(4-Cl)9 −63±11of type II β -turn (open conformer: φ=40° and Ψ=60°; closed
conformer: φ=42° and Ψ=80°; type β II turn: φ=80° and Ψ=0°)
[32]. Remarkably, the authors noted that the backbone arrangement
did not resemble the seam of a tennis ball suggested by previous
investigation [45–49,53], whereas in the present work such a
backbone pattern has been observed. In addition, the hydrogen
bonds inducing the ring structure are completely different from the
ones reported by Matyus et al. [32]. The substantial difference
between our results and the previous study [32] is that we observe
a single and stable arrangement of the peptide backbone while
Matyus et al. observe two distinct conformers (open and closed). It
has to be noted that in our simulations the acyl chain is either
completely extended or folded above the plane of the peptide ring.
Indeed, from an analysis of the radius of gyration (Rg) shown in Fig. 7 a
bimodal distribution can be observed. It has to be pointed out that
the Rg reported in Fig. 7 was obtained by considering only the
peptidemoiety and the acyl tail in the calculation. The peak at 0.51 nm
corresponds to the bent chain while the peak at 0.57 nm to the
extended one. The extended chain conformation is more populated
than the bent chain one (for ~85% of the simulation time). The
backbone structure is the same in the folded and extended
conformation of the acyl chain. It is worth noting that these results
are insensitive to the initial conﬁguration, as we obtain the same Rg
distribution both starting from a bent and from an extended
conformation.
In addition, an approximate charge distribution of the SRE
molecules in themembrane-mimicking environment was determined
as shown in Fig. 8. It can be observed that there is a small negatively
charged region and a somewhat larger positively charged one.
Both are linked to a neutral region and a lateral fatty acid chain.
This arrangement can be considered as a building block that would
account for the interactions of the syringomycin E molecules with
one another and with the charged and hydrophobic regions of the
phospholipid bilayers in the self-assembling of the pore.
4. Discussion
The results of this study indicate that the interaction of syringo-
mycin E with lipids is accompanied by a signiﬁcant conformational
modiﬁcation of the molecule and provide an insight into the possible
structural determinants of the membrane interaction of this lipodep-
sipeptide. The model of the three-dimensional structure of the lipid-
bound SRE was obtained by MD simulations, using NMR dataFig. 7. SRE radius of gyration distribution as obtained by MD simulation. The radius of
gyration was calculated considering the peptide moiety and the acyl chain.
Fig. 8. van der Waals surface of SRE in octane as determined by molecular dynamics
simulation. Charged residues are highlighted in colours: neutral residues are white,
positive residues in red, negative residues in blue.
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studies of membrane-binding peptides by NMR methods. In fact,
detergent micelles and membranes share structural features that are
essential for the interaction with peptide molecules: a strongly
hydrophobic core and a ﬂexible polar interface capable of forming
H-bonds and salt bridges with solvent and the peptide. Moreover,
high NMR spectral resolution can be obtained in SDS micelles because
they thumble faster in solution than the large phospholipid vescicles,
resulting in narrower NMR signals. The SDS-bound SRE was consid-
ered a suitable mimic of the membrane-bound SRE. In fact, CD spectra
of SRE in phospholipid liposomes and in SDS micelles were nearly
superimposable, indicating a conformational equivalence of SRE in
these two media, at difference with the conformation displayed in
water (Fig. 2). It has to be pointed out that this investigation
was performed using the correct stereochemistry of the molecule,
NMR data obtained in SDSmicelle and a suitable octane concentration.
In fact, the structure reported herein is different from that obtained in
the previous study [32], as detailed in Results, Section 3.3. The reported
MD simulation shows a single conformation of the peptide ring
and two conformations of the acyl chain, the completely extended
or folded above the peptide ring.
The structural information obtained in this study, namely the
conformation, size and charge distribution of SRE in a membrane-
mimicking environment, is in line with several experimental data on
SRE-induced ion channels deriving from biophysical investigations
and also provides the basis for studies on intermolecular interactions
that are important for the structure and functions of the SRE ion
channels. For example, the extended conformation comprising the
15 Å long acyl moiety and a macrocycle of about 10 Å, considering the
distance between N(Phe6) and Cβ(Ser1) shown in Fig. 4A, is coherent
with the model [28], according to which the SRE acyl moieties are
inserted into the lipid bilayer and the peptide portions form a ring thatstabilizes the channel having a 20 Å diameter and containing 6 SRE
molecules [27]. The surface charge distribution of SRE conceivably
plays an important role in molecular recognition among the species
required for the formation of the ion channels. The structural model of
SRE shows three distinct electron density regions: neutral, a smaller
negatively charged and a larger positively charged region (Fig. 8).
Taking into consideration the complexity of the SRE-induced pores,
supramolecular structures based both on the interactions among the
lipopeptide molecules and between the lipopeptide molecules and
the membrane components, different arrangements, depending on
the membrane composition, can be envisaged. For example, it could
be expected that with negatively charged lipids SRE molecules would
arrange in a way to minimize the exposure of the negatively charged
parts of the molecule. Conversely, with zwitterionic lipids, a more
extensive interaction between SRE molecules and the membrane
components could be hypothesized. The inﬂuence of the membrane
environment on the conformation and the topological orientation of
peptide metabolites has been shown in various studies in membrane-
mimicking micelles [36,54–56]. Further work, involving experiments
with different micelles and molecular modelling studies, is needed
to gain an insight into the orientation and the location of the SRE
molecule within membranes and to propose molecular models for
the SRE-induced pores. The two conformations obtained with the
present MD simulations can be used as starting conformations in
the study of intermolecular interactions between syringomycin E
and phospholipids.
The information on the three-dimensional structure of syringo-
mycin E in the membrane-like environment is also a starting point
for planning the structural modiﬁcations that could lead to the
improvement of the therapeutic proﬁle, namely enhance the
antifungal activity, while decreasing the haemolytic activity of this
lipodepsipeptide, such as single amino acid substitution and changes
in the stereochemistry. As highlighted in a number of investigations
on membrane-active peptides, such modiﬁcations can inﬂuence
charge the distribution, the amphipathicity and the oligomeric state
of the peptide, thereby modulating its mode of interaction with the
membrane components and its biological activities [57–61].
In conclusion, this investigation, which provides a reliable model
of the SDS-bound SRE, is a ﬁrst step towards a deeper understanding
of the complex network of molecular recognition events that govern
the formation of SRE ion channels and to the design of structural
analogues with improved membrane selectivity.Acknowledgements
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